The splicing factor SF3B1 is the most commonly mutated gene in the myelodysplastic syndrome (MDS), particularly in patients with refractory anemia with ring sideroblasts (RARS). We investigated the functional effects of SF3B1 disruption in myeloid cell lines: SF3B1 knockdown resulted in growth inhibition, cell cycle arrest and impaired erythroid differentiation and deregulation of many genes and pathways, including cell cycle regulation and RNA processing. MDS is a disorder of the hematopoietic stem cell and we thus studied the transcriptome of CD34 + cells from MDS patients with SF3B1 mutations using RNA sequencing. Genes significantly differentially expressed at the transcript and/or exon level in SF3B1 mutant compared with wild-type cases include genes that are involved in MDS pathogenesis (ASXL1 and CBL), iron homeostasis and mitochondrial metabolism (ALAS2, ABCB7 and SLC25A37) and RNA splicing/processing (PRPF8 and HNRNPD). Many genes regulated by a DNA damage-induced BRCA1-BCLAF1-SF3B1 protein complex showed differential expression/splicing in SF3B1 mutant cases. This is the first study to determine the target genes of SF3B1 mutation in MDS CD34 + cells. Our data indicate that SF3B1 has a critical role in MDS by affecting the expression and splicing of genes involved in specific cellular processes/pathways, many of which are relevant to the known RARS pathophysiology, suggesting a causal link.
INTRODUCTION
The myelodysplastic syndromes (MDS) are a heterogeneous group of clonal hematopoietic stem cell (HSC) malignancies characterized by blood cell dysplasia and peripheral blood cytopenia. Approximately 30-40% of MDS patients will develop acute myeloid leukemia (AML). 1 The recent discovery of somatic splicesomal mutations in MDS has revealed a new leukemogenic pathway involving spliceosomal dysfunction. 2, 3 Somatic mutations in the splicing factor genes SF3B1, U2AF1, SRSF2 and ZRSR2 are frequent in MDS patients. 4 Importantly, these genes encode proteins that are all involved in 3′-splice site recognition during pre-messenger RNA (pre-mRNA) processing. Splicing factor gene mutations occur in over 50% of MDS patients, are highly specific to this disorder, and occur in a mutually exclusive manner. [5] [6] [7] SF3B1, encoding a core component of the U2 small nuclear ribonucleoprotein, involved in the recognition of the branchpoint sequence, is the most commonly mutated gene found in MDS (20-28% of all patients). 2, 8, 9 We and others have shown that mutations of the splicing factor SF3B1 are found in a high percentage (470%) of MDS patients whose disease is characterised by the presence of ring sideroblasts, including both refractory anemia with ring sideroblasts (RARS) and refractory cytopenia with multilineage dysplasia and ring sideroblasts (RCMD-RS). 2, 8 The close association between SF3B1 mutation and the presence of ring sideroblasts is consistent with a causal relationship and makes this the first gene to be strongly associated with a specific morphological feature of MDS. Ring sideroblasts are characterised by an excess accumulation of iron in the mitochondria of erythroblasts, 10 and SF3B1 mutant RARS cases show altered iron distribution characterised by coarse iron deposits compared with wild-type RARS cases.
11 SF3B1 mutations are generally more prevalent in low-risk MDS and have been shown to be independent predictors of favorable clinical outcome in MDS in most studies. 8, 11 The clinical consequences of SF3B1 mutation in MDS are clear, but the functional consequences of these mutations in human cells remain poorly understood. Altered RNA splicing has been suggested as the mechanism underlying the observed phenotypic changes concomitant to splicing factor gene mutations, including SF3B1; 3, 12, 13 however, the target genes in the HSC of MDS cases with SF3B1 mutations are yet to be defined.
SF3B1 mutations in MDS are primarily heterozygous point mutations. The presence of hotspots and the absence of nonsense or frameshift mutations in SF3B1 in MDS patients suggest that SF3B1 mutations are likely to be gain/change-of-function (neomorphic) mutations. A heterozygous Sf3b1 +/ − knockout mouse model has been shown to develop ring sideroblasts, suggesting that haploinsufficiency of SF3B1 may lead to their formation. 11 Recent similar studies have not made this observation, however. 14, 15 Thus, it is yet to be determined whether SF3B1 mutations found in MDS are loss-of-function mutations or gain/ change-of-function mutations. In this study, we thus evaluated the effects of SF3B1 knockdown on cell growth, gene expression and splicing in a range of myeloid cell lines and performed RNA sequencing (RNA-Seq) on the CD34 + cells of MDS patients harboring SF3B1 mutations.
MATERIALS AND METHODS
Myeloid cell lines culture K562, HEL, TF1 and SKM1 cells were cultured in Roswell Park Memorial Institute medium 1640 (Sigma-Aldrich, Gillingham, UK) containing 10% fetal bovine serum, at 37°C and 5% CO 2 . TF1 and SKM1 cultures were supplemented with 2 and 1 ng/ml of granulocyte-macrophage colonystimulating factor, respectively.
SF3B1 knockdown
Three non-overlapping small interfering RNAs (siRNAs) targeting SF3B1 and two different scramble sequences with guanine-cytosine content similar to the siRNA sequences (Stealth Select RNAi, Invitrogen) were used to knock down SF3B1 in myeloid cell lines. For each transfection, 30 pmol of siRNA and 2 × 10 6 cells were electroporated in an Amaxa Nucleofector I, using the Amaxa cell optimization kit V (Amaxa, Gaithersburg, MD, USA). Evaluation of green fluorescent protein-positive cells obtained using the pmaxGFP fluorescent expression plasmid confirmed 480% of successfully transfected cells after 24 h. Readout data are reported as mean ± s.e.m. Statistical analysis was performed using Student's t-test.
Cell growth assay
Live and dead cells were assessed by trypan blue viability testing and counted using a hemocytometer.
Cell cycle analysis
Cells were fixed with ice cold methanol, incubated with 40 μg/ml propidium iodide and 10 μg/ml RNaseA, as previously described. 16 Data were acquired on a BD LSRII flow cytometer (BD Bioscience; Franklin Lakes, NJ, USA) and analyzed using FLOWJO software 7.6.4 (FlowJo, Ashland, OR, USA).
Erythroid differentiation
To induce erythroid differentiation, K562, TF1 and HEL cells were cultured with hemin 50 μM for 72 h. Erythroid differentiation was studied by analyzing the expression level of γ-globin (HBG1) using quantitative realtime PCR (qRT-PCR) as described previously. 17 Expression of the erythroid markers CD36, CD71 and CD235a was evaluated by flow cytometry as described previously. 16 Quantitative real-time PCR Total RNA was reverse transcribed using Retroscript kit (Ambion, Life Technologies, Paisley, UK). The expression levels of SF3B1, ABCB7, FTMT, HBG1, KLF1 and B2M were determined using Assays-on-Demand (Applied Biosystems, Foster City, CA, USA). B2M expression levels were used to normalize for differences in input complementary DNA (cDNA). Triplicate samples were run on a LightCycler 480 Real-time PCR system (Roche Diagnostics, Lewes, UK) and expression ratios were calculated using the ddCT method. 18 Gene expression profiling Total RNA (100 ng for each sample) was amplified and labeled with the 3′ IVT Express Kit (Affymetrix, Santa Clara, CA, USA), and hybridized to Affymetrix Human Genome U133 Plus 2.0 GeneChips, as described previously. 19, 20 CEL files were pre-processed using Robust Multi-chip Average and data analysis was performed using GeneSpring 7.3.1 (Agilent, Santa Clara, CA, USA). Pathway analysis was performed using Ingenuity Pathway Analysis (IPA) 7.5 (Qiagen, Manchester, UK), as previously described. 19 Analysis of gene set up-or downregulation was performed using Gene Set Enrichment Analysis, 21 as previously described (false discovery rateo0.1). 2 Splicing analysis using human genome exon-junction microarray Total RNA was DNAse treated (Invitrogen), purified (Agencourt RNA Clean XP) and amplified (100 ng) using Ambion WT Expression Kit (Affymetrix). The cDNA was subsequently fragmented and labeled using WT terminal labeling kit (Affymetrix). Samples were hybridized onto Affymetrix Human genome exon-junction arrays, which on average contain 119 unique probes per gene spanning every exon and known exon-exon junction. CEL files were analyzed using GenoSplice technology (www.genosplice.com). 22, 23 Data were normalized using quantile normalization. Analysis at the exon level was performed taking into account only exon probes. Analysis at the splicing variant level was performed by taking into account exon-exon junction probes using the FAST DB splicing patterns annotation (release fastdb_2012_2). Unpaired Student's t-test was used to determine exon and splicing pattern variation between cells with SF3B1 knockdown and scramble controls. Genes were considered significantly deregulated when fold change was ⩾ 1.5 and P-value o0.05. Gene Ontology, KEGG and REACTOME analyses of differentially regulated genes were performed using DAVID. 24 Splicing analysis using qRT-PCR and Sanger sequencing Splicing analysis of TP53 was performed using Sanger sequencing of gelextracted individual bands from PCR-amplified cDNA. Primers and PCR conditions are listed in Supplementary Table S1 .
Splicing analysis of cyclins CCNA2 and STK6 was performed using a qRT-PCR on cDNA, using primers specific for splice junctions corresponding to exon inclusion or skipping. 25 Primers are listed in Supplementary Table S2 . TBP expression levels were used to normalize for differences in input cDNA.
RNA sequencing
Bone marrow samples were obtained from MDS patients and healthy controls and CD34 + cells isolated using MACS magnetic cell separation columns (Miltenyi Biotec, Germany), as described previously. 19, 20 RNA extracted from bone marrow CD34 + cells obtained from 12 MDS patients and 5 healthy controls was used for deep RNA-Seq. Eight of the 12 MDS cases (four RARS and four RCMD-RS) had SF3B1 gene mutation, whereas four cases (all RCMD) had no known mutations in splicing factor genes (SF3B1, SRSF2, U2AF1 or ZRSR2) (Supplementary Table S3), as determined by targeted next-generation sequencing data from a previous study. 7 Total RNA was DNase treated (Invitrogen), purified using XP beads (Beckman Coulter, High Wycombe, UK) and processed (100 ng) using NEBNext Ultra directional mRNA Library prep (NEB, Hitchin, UK) as per the manufacturer's protocol for Illumina with two alterations: custom indexes were designed in house and an additional purification step was performed using XP beads (Beckman Coulter) rather than size selection. Samples were run on HiSeq2000 Illumina sequencing machine (Illumina, San Diego, CA, USA). Sequencing reads were mapped to the human genome using TopHat, 26 which can handle reads spanning exon-exon boundaries. Data analysis was performed using edgeR 27 to evaluate the whole transcript expression (false discovery rateo0.05) and with DEXSeq 28 to evaluate differential exon usage (false discovery rateo 0.05). At the expression level, only genes with at least 10 reads in four or more samples were included in the analysis; at the exon level, exons with fewer than 10 reads were excluded. Gender was included as an additional factor in the DEXSeq model testing for differential exon usage. Selected differentially expressed exons were validated using qRT-PCR (Supplemetary Figure S1 , Supplementary Information). Integrative Genomics Viewer (IGV) v2.3 (http://www.broadinstitute.org/igv/) was used for visualization of the sequence reads. Pathway analysis was performed using IPA and Gene Set Enrichment Analysis, as described above. The data discussed in this publication have been deposited in NCBI's Gene Expression Omnibus and are accessible through GEO Series accession number GSE63569.
RESULTS
SF3B1 knockdown inhibits cell growth, induces cell cycle arrest and impairs erythroid differentiation SF3B1 was knocked down using siRNA technology in four myeloid cell lines (TF1, K562, HEL and SKM1) that we found to be wild type Disruption of SF3B1 in myelodysplastic syndromes H Dolatshad et al for SF3B1 (Supplementary Information), resulting in a significant decrease in expression ranging between 50 and 60% ( Figure 1a) .
Cell growth was inhibited in all four cell lines with SF3B1 knockdown in comparison with the scramble control (Figure 1b ). Cell cycle arrest in different phases was detected in different myeloid cell lines with SF3B1 knockdown (Figure 1c ). K562 cells showed a significant G2M cell cycle arrest with a concomitant reduction in the percentage of cells in the G1 and S phase. TF1 cells showed a significant decrease in the percentage of cells in the S phase. HEL cells showed a significant decrease in the percentage of cells in the G1 phase and a significant increase in the sub-G1 cell population, indicating increased apoptosis. Similarly, SKM1 cells showed a significant decrease in the percentage of cells in S and G2M phase with a concomitant increase in the percentage of cells in the sub-G1 and G1 phase, indicating cell cycle arrest in the G1 phase and an increase in apoptosis (Figure 1c) .
Three cell lines (TF1, K562 and HEL) with SF3B1 knockdown were cultured with hemin to induce erythroid differentiation. We assessed the expression of the erythroid differentiation markers HBG1 and KLF1 using qRT-PCR. A significant reduction in the expression of HBG1 and KLF1 was observed in TF1 and K562 cell lines with SF3B1 knockdown (Figure 1d ). In addition, we observed a reduction in the percentage of CD36+CD71+ and CD71+CD235a+ erythroid populations (significant for the CD36+CD71+ population) in K562 cells with SF3B1 knockdown Results in subpanels a-d were obtained from scramble n = 2 and SF3B1 siRNA as follows: a, n = 3; b, n = 3; c, n = 3 for SKM1 and TF1, n = 6 for HEL and n = 9 for K562; d, n = 3 for TF1 and HEL, n = 6 for K562. Results in subpanel e were obtained from scramble n = 4 and SF3B1 siRNA n = 4. *P o0.05.
Disruption of SF3B1 in myelodysplastic syndromes H Dolatshad et al compared with the scramble control (Figure 1e ), suggesting that normal SF3B1 function is required for erythroid differentiation. 17 RARS is characterized by FTMT accumulation and low expression levels of the iron transporter ABCB7. 17, 29 We have previously shown that SF3B1 knockdown leads to decreased ABCB7 expression and increased FTMT expression in K562 cells. 17 In this study, we have extended these observations to the other three myeloid cell lines investigated (Figure 2a ). In addition, restoration of SF3B1 expression to normal levels after 10 days of culture was followed by restoration of ABCB7 expression levels to normal (Supplementary Figure S2) .
Taken together, these data show that SF3B1 knockdown results in inhibition of cell growth, induction of cell cycle arrest and impairment of erythroid differentiation in myeloid cell lines. We identified many genes that were up-or downregulated by 42-fold in each cell line treated with SF3B1 siRNAs (Supplementary Figure S3A and S3B) . Four genes were upregulated (TFDP1, LOC100505759, MKRN1 and WRNIP1) and five genes were downregulated (ZC3H7A, CREBZF, SGK494, WSB1 and two probesets for SF3B1) in all four cell lines with SF3B1 knockdown.
Pathway analysis was performed on the up-and downregulated genes in each cell line with SF3B1 knockdown using IPA. Significant deregulation of pathways related to cell cycle regulation was observed in all cell lines and of mTOR signaling and AMPK signaling pathways in three cell lines (Table 1) . We performed Gene Set Enrichment Analysis to identify pathways and processes showing coordinated up-or downregulation. Upregulated gene sets include p53 signaling in K562 and SKM1 cells, and several gene sets associated with regulation of transcription, spliceosome and splicing in K562 cells (Supplementary Table S4 ). Downregulated gene sets associated with the mitochondrial function were found in K562 and TF1 cells, and with cell cycle regulation in SKM1 and HEL cells (Supplementary Table S4 ). These data show that SF3B1 knockdown in the cell lines studied results in deregulation of many genes and pathways including cell cycle and RNA processing.
SF3B1 knockdown impact on splicing
The genome-wide effects of SF3B1 knockdown on splicing were investigated in two myeloid cell lines (K562 and TF1) using human genome exon-junction arrays. The splicing profile of cells with qRT-PCR analysis using primers that monitor general gene expression (GE) in a constitutive exon (Ex4 of CCNA2 and Ex3 of STK6) or primers specific for splice junctions corresponding to exon inclusion or skipping in the cyclin A2 (CCNA2) and Aurora Kinase A (STK6) genes in K562 cells. Cells with SF3B1 knockdown (siRNA) show alternative splicing events. Results in subpanel a were obtained from scramble n = 3 and SF3B1 siRNA n = 4. Results in subpanel c-d were obtained from scramble n = 2 and SF3B1 siRNA n = 3. *P o0.05.
SF3B1 knockdown (using two different siRNA per cell line) was compared with that of cells transfected with the scramble control. We observed 2027 differentially expressed exons from 1419 genes, and 507 significant differentially regulated splicing variants (including exon skipping, intron retention and alternative splice sites) of 384 genes in cells with SF3B1 knockdown. For example, we observed differential exon usage of CDC7 and SRSF11 in the data from both the cell lines, and of TP53 in TF1 cells. We found a significant overrepresentation of 3′ acceptor splice sites affected by alternative splicing events compared with 5′ donor splice sites (5:1 ratio, P = 0.0027, χ 2 test with Yates' correction), consistent with the known role of SF3B1 in the recognition of 3′ splice sites. Gene ontology analysis was performed using DAVID (http://david.abcc. ncifcrf.gov/), and many themes showed significant enrichment of genes affected at the level of exon usage and splice variants (Table 2) . Cell cycle and RNA degradation were found to be consistently deregulated at both levels ( Table 2) . We investigated TP53 differential exon usage by PCR amplification and Sanger sequencing of gel-extracted bands. We observed exon skipping that was present in the SF3B1 knockdown cells only (Figure 2b ). We also investigated whether two cell cycle genes (CCNA2 and STK6) previously shown to be aberrantly spliced in HeLa cells with 25 were also aberrantly spliced in K562 cells with SF3B1 knockdown in our study. Consistent with the finding in HeLa cells, we observed aberrant splicing of these genes using a qRT-PCR strategy as described previously (Figure 2c and d) . 25 RNA-Seq in HSPC from MDS patients with SF3B1 mutations To gain insight into the spectrum of genes that are deregulated or aberrantly spliced in association with SF3B1 mutation in the hematopoietic stem and progenitor cells (HSPC) of MDS patients, we used deep RNA-Seq to compare the transcriptome of bone marrow CD34 + cells from eight MDS patients with SF3B1 mutation (SF3B1 mutants), four MDS patients with no known splicing mutation (wild type) and five healthy controls (control) (Supplementary Table S3 ). Using IGV, we evaluated the expression of the SF3B1 alleles in SF3B1 mutant cases and observed a range of 45-52% of mutant allele frequency, indicating that both wild-type and mutant alleles were equally expressed (Supplementary Table  S3 , Supplementary Figure S4) .
We used edgeR to perform differential gene expression analysis of SF3B1 mutants versus wild type and control. At the whole transcript level, we observed a total of 526 genes (253 upregulated and 273 downregulated) significantly differentially expressed in SF3B1 mutants in comparison with wild type (Supplementary Table S5 ). In the comparison of SF3B1 mutants with control, we found 1823 significantly differentially expressed genes (646 upregulated and 1177 downregulated) (Supplementary Table S6 ). Genes linked to the pathogenesis of RARS and RCMD-RS, such as ALAS2 and ABCB7, were deregulated (ALAS2 upregulated and ABCB7 downregulated) in both comparisons of SF3B1 mutant with wild type and control. We also observed upregulation of the mitochondrial genes SLC25A37 when comparing SF3B1 mutant with control and GLRX5 in both comparisons of SF3B1 mutant with wild type and control.
We performed an analysis using 121 genes either known to be expressed in erythroid cells 30 or described as erythroid transcription factors in the literature. We found 42 differentially expressed genes (37 upregulated and 5 downregulated) when comparing SF3B1 mutant with control. These included heme biosynthetic enzymes (for example, ALAS2, ALAD, FECH and UROD), globin genes (for example, HBQ1, HBA2, HBB and HBA1) and transcription factors (for example, GATA1, GATA2 and KLF1). In the comparison of SF3B1 mutant with wild type, we found a total of 32 differentially expressed genes (31 upregulated and 1 downregulated) of which 28 were overlapping with the differentially Genes are ranked by adjusted P-value (P adj ).
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expressed genes found when comparing SF3B1 mutant with control.
We then performed pathway analysis on the significantly differentially expressed genes using IPA. Many pathways, including heme biosynthesis, mitotic roles of polo-like kinase and TNFR2 signaling, were significantly deregulated in the comparison of SF3B1 mutant with wild type (Table 3) . When comparing SF3B1 mutant with control, significantly deregulated pathways included apoptosis signaling, p53 signaling, cell cycle regulation and heme degradation (Supplementary Table S7 ). We next performed Gene Set Enrichment Analysisand many gene sets showing significant enrichment were identified in SF3B1 mutant versus wild type and control. Upregulated gene sets included several that were related to mitochondrial function, cell cycle checkpoints and mRNA splicing. In the comparison of SF3B1 mutant with control cases, downregulated gene sets included several that were related to cell differentiation and apoptosis (Supplementary Table S8 ). Many of these deregulated pathways and gene sets are relevant to the known pathophysiology of MDS and in particular of RARS and RCMD-RS.
DEXSeq was used to perform differential exon usage analysis of the RNAseq data to evaluate aberrantly spliced genes. At the exon level, we observed a total of 3506 exons (corresponding to 1924 genes) significantly differentially expressed in SF3B1 mutant compared with control (Table 4, Figure 3 , Supplementary Table S9) . Differential exon usage was observed in at least one exon of genes known to be involved in MDS pathophysiology (TP53 and EZH1), erythroid genes (ALAD, UROD and EPB42) and genes associated with cell cycle (AURKB and CRNDE) and RNA processing (RBM5, RBM25, PRPF40A and HNRNPD). When comparing SF3B1 mutant with wild type cases, we found 3097 significantly differentially expressed exons (corresponding to 2022 genes) (Table 5, Figure 4 , Supplementary Table S10). We found differential exon usage in at least one exon of genes involved in MDS pathophysiology (CBL, ASXL1 and DNMT3A), mitochondrial function (ALAS2, NDUFAF6), erythroid differentiation (NFE2L2, PPOX and HMBS) and mRNA processing (HNRNPD, U2AF2 and PRPF8). Interestingly, UQCC1, a gene involved in mitochondrial biogenesis 31 and showing abnormal splicing in SF3B1 mutant cases in uveal melanoma, 32 showed differential exon usage and upregulation in SF3B1 mutant cases compared with wild type and control in our study.
To identify pathways affected by differential exon usage, we performed pathway analysis on the genes showing significantly differentially expressed exons using IPA. In the comparison of SF3B1 mutant with wild type and control, we observed many pathways to be affected, including cell cycle, heme biosynthesis, DNA damage response, mitochondrial and haematopoietic progenitor cells pathway (Supplementary Table S11 and S12). Using DAVID functional annotation tool, we observed significant enrichment of biological themes including alternative splicing, RNA binding, mitochondrion, spliceosome and cell cycle.
Recently, a role for SF3B1 in the maintenance of genomic stability has also been reported where it functions in a DNA damage-induced mRNA splicing complex with BRCA1 and BCLAF1. 33 Given that deregulation of the DNA damage response pathway was highlighted by the IPA pathway analysis, we performed an analysis using genes regulated by the BRCA1-BCLAF1-SF3B1 complex. Several genes regulated by this complex showed differential exon usage in SF3B1 mutant compared with control (including NUMA1, RB1, CHUK and ABL1) and compared with wild type (NUMA1, PIAS1, SMAD4, BIRC2 and PTK2) (Supplementary Table S13 ). The overrepresentation of genes regulated by the BRCA1-BCLAF1-SF3B1 complex was significant in SF3B1 mutant compared with control (P o 0.001) and compared with wild type (P = 0.0498, hypergeometric test). We also found many genes to be affected at the transcript level, including BIRC3, BCL2A1, GYPB, HBB and HBBP1 when comparing SF3B1 mutant with wild type and control (Supplementary Table S13 ). 
DISCUSSION
The identification of frequent somatic mutations of SF3B1 in MDS patients with ring sideroblasts suggests a direct correlation between the presence of mutations and this particular phenotype.
2,11,13 However, the mechanism by which SF3B1 mutation leads to MDS with ring sideroblasts remains to be elucidated.
To illuminate the role of SF3B1 mutation in MDS pathophysiology, we have determined the effects of SF3B1 disruption on cell growth and gene expression in human hematological cells. First, we investigated the effects of SF3B1 knockdown on cell function and gene expression in myeloid cell lines. Second, we used RNASeq to study the global gene expression changes and splicing abnormalities associated with the presence of SF3B1 mutations in the HSPC of MDS patients.
We have shown that SF3B1 knockdown in four myeloid cell lines resulted in inhibition of cell growth and disruption of the cell cycle. It has recently been reported that Sf3b1 +/ − mice showed reduced numbers of HSC and compromised reconstitution capacity in lethally irradiated mice. 14, 15 Thus, reduced expression of SF3B1 appears to result in impaired cell growth in hematopoietic cells. Similar observations have been made following reduced expression of other splicing factor genes, including U2AF1.
3,4,34
We used two different microarray platforms to identify genes deregulated at the transcriptional and exon level by SF3B1 knockdown in myeloid cell lines. Gene expression profiling identified many deregulated genes, with four genes consistently upregulated, including TFDP1, and five genes downregulated, including CREBZF, in all four cell lines with SF3B1 knockdown, several of which have a role in the control of cell growth. TFDP1 is involved in the control of transcriptional activity of G1/S cell cycle checkpoint genes, 35 and CREBZF is a potent suppressor of cell growth, the effects of which are mediated through the tumor suppressor p53. 36 Next, we employed exon-junction arrays to study the transcriptome in K562 and TF1 cells. We identified many differentially expressed exons and differentially regulated splicing variants in cells with SF3B1 knockdown. For example, we observed differential exon usage of the CDC7 and SRSF11 genes, involved in cell cycle regulation and splicing, respectively, and of the TP53 gene. Several pathways including cell cycle, RNA processing, mitochondrion and apoptosis/p53 pathway were consistently deregulated in the cell lines with SF3B1 knockdown.
In summary, our data on myeloid cell lines suggest that the phenotype observed in cells with SF3B1 knockdown is mediated Genes are ranked by adjusted P-value (P adj ).
Disruption of SF3B1 in myelodysplastic syndromes H Dolatshad et al by aberrant splicing and expression of target genes involved in key biological processes. RNA-Seq is the method of choice for a comprehensive analysis of global gene expression and splicing. In all relevant studies published to date, RNA-Seq has been performed on unfractionated bone marrow mononuclear cells from a small number of MDS patients with SF3B1 mutations (n ⩽ 3 per study), revealing interesting data. 11, 37, 38 MDS arise in the HSC, and it is thus of critical importance that the effects of SF3B1 mutation on the transcriptome are studied in the cell of origin. In this study, we performed RNA-Seq on purified bone marrow CD34 + cells from 12 MDS patients, eight with ring sideroblasts and SF3B1 mutation and four without mutation in other splicing factor genes, and from five healthy controls.
We identified many significantly differentially expressed genes at the transcript level and the exon level when comparing SF3B1 mutant with wild type and control. CD34 + cells from RCMD-RS and RARS patients display a particular expression profile of mitochondria-related genes; 17, 20 we observed upregulation of ALAS2 (heme biosynthesis enzyme) and downregulation of ABCB7 (involved in the transport of iron from the mitochondria to the cytoplasm) in SF3B1 mutants compared with wild type and control, in agreement with our previous reports. 17, 20 SLC25A37, encoding a mitochondrial iron importer, and GLRX5, encoding another mitochondrial protein, were both significantly upregulated in CD34 + cells of SF3B1 mutants compared with wild type and control. A recent study showed SLC25A37 mRNA upregulation in SF3B1 mutant bone marrow mononuclear cells of three MDS patients with RARS/-T. 38 Evidence is thus mounting to suggest that upregulation of the iron importer SLC25A37 and downregulation of iron exporter ABCB7 may be linked to the increased mitochondrial iron accumulation observed in MDS patients with ring sideroblasts. 39 Deregulation of these genes could also be consistent with an impaired ability of mitochondrial pathways to use iron that may result in an attempt to increase iron availability.
Importantly, we observed many genes associated with porphyrin and heme biosynthesis showing differential exon usage in SF3B1 mutant cases, indicating altered splicing. These include ALAD and UROD when comparing SF3B1 mutant with control and Figure 4 . Examples of genes showing significant differential exon usage in MDS patients with SF3B1 mutation in comparison with wild type, obtained from RNA-Seq data analysis using DEXSeq. The graphs show some of the top ranking genes with significant differential exon usage. The exons highlighted in purple represent the significant differential exon usage.
ALAS2 and PPOX when comparing with wild type. We suggest that the aberrant expression and exon usage of mitochondrial and heme-related genes in the CD34 + cells of MDS patients with SF3B1 mutation has a role in ring sideroblast formation and abnormal iron homeostasis observed in this patient group. Intriguingly, the most common congenital sideroblastic anemia (X-linked sideroblastic anemia) results from an ALAS2 mutation. 40 The relative expression levels of the transcription factors GATA1 and GATA2 differed from normal in the CD34 + cells of MDS patients with SF3B1 mutation. The dynamic and strictly regulated change of expression from GATA2 to GATA1 during erythropoiesis has a crucial role, 41 and any alteration of this pattern may be predicted to lead to aberrant erythropoiesis. We suggest that the aberrant expression and splicing of erythroid-related genes observed in the CD34 + cells of MDS patients with SF3B1 mutation may have a role in the ineffective erythropoiesis found in these patients.
In a previous study, RNA-Seq was used to compare the transcriptome of bone marrow mononuclear cells of two MDS patients with SF3B1 mutation to that of one healthy control. 11 One hundred and thirty genes showed significant differential expression, 28 of which overlap with the genes differentially expressed between SF3B1 mutant and control in our study of CD34 + cells. These genes include MAP3K8 and CLEC5A, which have been previously shown to be downregulated in MDS. 19, 42 Furthermore, 350 genes showed differential exon usage, and 52 of these were in common with the genes showing differential exon usage in our study of CD34 + cells. The overlapping genes include EZH1, ASXL1, CBL1 and SMAD4.
The mutant forms of ASXL1, CBL and TP53 are known to have an important role in the molecular pathogenesis of MDS, and intriguingly all these genes were found to be alternatively spliced in the HSPC of MDS patients harboring SF3B1 mutations.
A recent study identified a DNA damage-induced BRCA1 protein complex containing BCLAF1 and SF3B1 (BRCA1-BCLAF1-SF3B1 complex). 33 In response to DNA damage, the complex regulates pre-mRNA splicing of genes involved in DNA damage signaling and repair and hence affects their transcription and premRNA maturation. 33 Importantly, we found many of the genes regulated by this complex to be differentially expressed and to show differential exon usage in our study. Genes showing differential transcript level changes included BIRC3 and BCL2A1, whereas NUMA1 showed differential exon usage when comparing SF3B1 mutant with wild type and control. When comparing SF3B1 mutant with wild type, we also found differential exon usage of the PIAS1 gene, a DNA damage response regulator. 43, 44 It has been demonstrated that abrogation of members of this complex including BRCA1 and BCLAF1 results in genomic instability, 33 a common feature of malignant cells. In MDS patients with mutant SF3B1, the function of this complex may be impaired, with possible downstream effects on the efficiency of DNA damage repair.
Many genes involved in RNA splicing and processing were found to show differential transcript levels, as well as differential exon usage in our study, including HNRNPD, U2AF2, PRPF8 and RBM25. A recent study showed RNA processing genes to be misspliced in the bone marrow mononuclear cells of MDS/AML patients with U2AF1 mutation. 45 Intriguingly, there is limited overlap between the genes misspliced as a result of U2AF1 mutation and the RNA processing/splicing genes deregulated/ aberrantly spliced in our SF3B1 mutant cases in both comparisons of SF3B1 mutant with wild type and control, suggesting that this process may be affected by different splicing mutations even if their target genes are distinct.
A recent study showed that defects in the splicing factor gene PRPF8 result in missplicing in myeloid malignancies and are associated with the presence of ring sideroblasts in advanced MDS and AML. 46 Interestingly, we observed differential exon usage of PRPF8 in SF3B1 mutant cases compared with control in our study, indicating a link between SF3B1 and PRPF8 and the ring sideroblast phenotype. Our finding of differential exon usage of multiple RNA processing/splicing genes in the HSPC of cases with SF3B1 mutation points towards an exacerbation of aberrant splicing, with a wider number of downstream target genes affected. Emerging evidence from our study on SF3B1 and the study on U2AF1 45 thus supports the hypothesis that in MDS patients harboring splicing factor mutations, there is widespread disruption of the splicing machinery as a consequence of downstream effects of the mutant protein. Loss-of-function mutations in zebrafish Prpf8 have been shown to result in missplicing of TP53. 47 We found TP53 to be aberrantly spliced in MDS patients with SF3B1 mutation compared with wild type and control.
Splicing factor mutations, including SF3B1, are considered to be founder mutations and must confer a selective growth advantage to the HSC, but how this occurs remains a mystery. We have identified differential splicing in several genes known to have a role in MDS pathogenesis, including TP53 and ASXL1, as well as genes involved in DNA damage repair, in the HSPC of MDS patients harboring SF3B1 mutations. We suggest that the aberrant splicing of such genes may confer oncogenic properties that help drive the malignant process. In this study, we have determined the target genes of SF3B1 mutations in the HSPC of MDS patients with ring sideroblasts, shedding light on the mechanisms underlying this phenotype.
